8 and precipitation were positively correlated with raw and standardized tree-ring widths 9 and basal area increment increase. Increasing winter and spring temperatures were 10 unfavorable for tree growth while increasing summer temperatures were favorable in the 11 absence of drought. The strongest predictor for standardized tree-rings was the Palmer 12 Drought Severity Index, suggesting that B. papyrifera is highly responsive to a 13 combination of temperature and water availability. The NDVI from vegetation community 14 was positively correlated with standardized tree-ring growth, indicating the potential of 15 these techniques to be used as a proxy for ex-situ monitoring of B. papyrifera. These 13 http://nativeplantspnw.com/paper-birch-betula-papyrifera/). As a boreal species, B. . While tree rings studies are important for 9 quantifying long-term variability in forest productivity, preparing the chronologies can be 10 time consuming, and costly on a large scale. On the other hand, NDVI provides a good 11 measure for landscape photosynthetic activity and site productivity and can be used to 12 monitor landscape processes on a regular basis. Therefore, investigating how these two 13 techniques relate to each other can improve our understanding of forest growth and 14 productivity, carbon budgets and forests response to climate variability and change 15 (Bhuyan et al. 2017 
9
Sites were identified visually and accessed via the river by a canoe. B. papyrifera 10 individuals were mostly present close to the river as part of a deciduous woody species 11 community. Individuals were found only on north-facing slopes and growing from pre-12 existing root crowns. We did not observe any new seedlings or saplings in examined sites. 
All variables for consideration were included in a "global model" from which variables 10 were systematically removed. At every step, all variables were individually tested for 11 inclusion or removal using a Chi-square test based on their P-value, and a new model 12 was created using the significant variables (P < 0.05). This process was repeated until 13 the highest calculated P-value of variable removal was P < 0.05. At this point, model
14 selection was completed and the final model considered determined. 12 the tree stands could not be directly compared. The stands were located near water and many of 13 the image pixels containing the tree stands were predominately covered by either water or shade 14 from the steep river bank. In both cases, the spectral signal and resultant NDVI would be primarily 15 representative of the water and shaded area rather than the actual conditions of the B. papyrifera.
16 As a result, direct, pixel-level comparison between the NDVI image pixels and the ground data 17 could not be compared. This required alternative areas of a different land cover type to be used as 18 a productivity proxy to compare with the traditional tree-ring data.
19
To address this, we investigated whether we can establish a relationship of B. papyrifera 11 averaged 573±18 mm. During the 65-year study period, annual precipitation did not show 12 any increasing or decreasing trend over time, instead precipitation varied annually around 13 the mean (Fig. 2) . The majority (80-90%) of the annual precipitation fell during the growing 14 season between April and September (Fig. 3) . Average annual streamflow ranged 15 between 17 and 26.5 m 3 s -1 with a mean annual streamflow of 21.7±0.3 m 3 s -1 (Fig. 3) .
16 During the study period, average annual streamflow declined over time, which was D r a f t 19 1 significant at P < 0.1. Streamflow increased in the spring with snow melt, and declined in 2 July through September with decrease in precipitation and increase in temperature and 3 evapotranspiration demands, before increasing again in October (Fig. 3) . Annual Palmer 4 Drought Severity Index (PDSI) ranged from -4.9 to 6.7, with a long-term average of 5 0.9±0.3. During the study period, annual PDSI exhibited upward (wetting) trend, which 6 was significant at P < 0.1 (P = 0.054) (Fig. 3 ). Despite this wetting trend, years of 7 moderate to severe droughts were common and constituted around 32% of the 65-year 8 period of study.
9
Average annual air temperature was 8.9±0.1 °C (Fig. 2) , with January mean 10 temperature ranging between -15.1 to 3.0 ºC, and showing a slight and statistically 11 significant warming over time (P < 0.01). March maximum temperatures ranged between 12 1.8 and 17.6ºC and displayed a significant decreasing trend (P = 0.048; Fig. S1 ). July 13 maximum temperatures ranged between 24.4 and 37.4 ºC, and did not show an 14 increasing or decreasing trend. July mean temperature met or exceeded 21 ºC nearly 15 every year except for 1992 (Fig. S1 ).
16
D r a f t 20 1 3.2. Tree-ring chronologies 2 Tree diameter was positively and significantly correlated with age (Fig. 4) . Raw tree-ring 3 widths averaged 1.21±0.02 mm yr -1 , and basal area increment increase (BAI) averaged 4 325.3±4.27 mm 2 yr -1 (Fig. 5) . Both raw tree-ring widths and BAI exhibited a significant 5 decline in growth over time (P < 0.001). This decrease can be attributed to the normal 6 growth behavior of B. papyrifera in general, as growth is rapid for the first 30 years or so 7 and then sharply declines through maturity (Burns and Honkala 1990). Additionally, as a 8 tree ages, cambial tissue must be distributed over a greater surface area, which results 9 in narrower rings, i.e., the geometrical age effect (Sillett et al. 2015) . Data standardization 10 resulted in the removal of any significant trends (P = 0.74), and indicated variability around 11 the mean (0.99±0.006 mm) which reflected inter-and intra-annual fluctuations in the 12 abiotic environment (Fig. 5) . A decline in tree-ring growth rate was observed in six periods, Previous and current year summer and fall streamflow were positively correlated with 6 raw tree-ring widths, BAI, and standardized ring widths (Fig. 6) . Generally, streamflow of 7 previous July through fall of current year was significantly correlated with standardized 8 tree-ring widths. High precipitation and streamflow rates during April of current and 9 previous year seemed to have a negative effect on tree-ring growth. Increased air 10 temperatures of both current and previous year were generally negatively correlated with 11 all measured tree parameters, with few exceptions (Fig. 6 ). The strongest predictor for 12 standardized tree ring width was PDSI, where values were significantly and positively 13 correlated at P < 0.05 for both previous and current year. Linear mixed modeling (LMM)
14 highlighted the importance of mid-season water availability of both previous and current (Table S2 ). Pearson's R 2 correlations were significantly (P < 0.05) negative 7 for previous January and positive for current June, October, and November. Standardized Vegetation composition adjacent to B. paryrifera stands were sampled for both 9 groundtruthing, and to identify the vegetation, topography and management practices that 10 would provide the highest correlation with tree rings (Fig. 7) . Sampled plots were 11 dominated by grasses (31.9 to 49% cover) and averaged 37.6 ± 0.9%. Forbs percent 12 cover ranged between 5.4 and 20.7%, and averaged 11.5 ± 0.5%. Shrub percent cover 13 ranged between 6.2 and 27.4% and averaged 17. (Fig. 7) .
4
Max-value Landsat 5 NDVI from all vegetation plots followed the standardized tree-rings 5 growth trend of B. papyrifera ( Fig. 8; Fig. S4 
10
Annual average precipitation, temperature and summer (July) temperature have 11 remained reasonably stable with no upward or downward trends over the study period.
12 However, the area did experience a warming trend in January temperature over time (Fig.   13 2) . In northern latitudes, warming winter and spring trends can lead to increased ring In this study, we show that warming January air temperatures had a 2 negative effect on growth. This may be due to the higher January minimum temperatures 3 in Nebraska relative to more northern latitudes causing the species to cross a threshold, 4 and/or to re-freezing of the roots which can ultimately lead to reduction in growth, tree 5 damage (Greenidge 1953; Redmond 1955), or in some cases death (Pomerleau 1991).
6 Water availability has also been shown to have a mixed effects on growth, its availability 
7
Climate correlations showed streamflow from April through November of both previous 8 and current year to be significantly and positively related to growth, agreeing with 9 inclusion of August streamflow of both current and previous year, but disagreeing with the 10 negative influence of July streamflow to raw growth and BAI as displayed by the selected 11 models (Table S2 ). This influence of streamflow on growth might be explained by some 12 of the unique geology of the Niobrara River Valley in that the river water, which flows 13 directly over bedrock, is fed by lateral (easterly) movement of groundwater (Szilagyi et al.
14 2002). We observed B. papyrifera only growing in close proximity to the water's edge in 15 small pockets (Table S1 ). Combining the shallow fibrous root system of paper birch, and 6 papyrifera's can provide a reliable representation of tree performance. Dendrochronological techniques were used to identify microclimatic drivers of B.
10 papyrifera growth of the Niobrara River Valley. We found that intra-and inter-annual 11 average and pattern of precipitation, temperature, streamflow and PDSI to be important 12 for growth. Climate correlations and LMM analyses produced similar results with some 13 disagreements, but with both methods agreeing that the strongest predictor for 14 standardized tree-rings was the Palmer Drought Severity Index, suggesting that B.
15 papyrifera is highly responsive to a combination of temperature and water. Increasing 8 papyrifera, and the influence of drought-related conditions on growth, the future of 9 Niobrara River Valley B. papyrifera will be dependent on climate and water availability at 10 key points during the growing season. Factors such as water pumping for irrigation 11 purposes on upland sites, and expansion of woody species especially the encroachment 12 of Juniperus virginiana (Awada et al. 2013 ) will affect the horizontal movement of water 13 over bedrock and impact water availability for B. papyrifera, and should therefore be 14 monitored. 
